B cell antigen receptor (BCR)-mediated cell death has been proposed as a mechanism for purging the immune repertoire of anti-self specificities during B cell differentiation in bone marrow.
Introduction
Transmembrane signal transduction initiated by the B cell antigen receptor (BCR) is essential for various B cell activities, including cell activation, proliferation, anergy and deletion.
The BCR complex is composed of a membrane lg molecule non-covalently associated with two accessory molecules lga and 1gB. which exist as disulfide linked heterodimers ( 1 ).
Signaling through the BCR primarily drives mature B cells into proliferation leading to the expansion of antigen-specific clones. By contrast, immature lymphocytes usually undergo apoptosis rather than proliferation upon triggering through enclosed vesicles (apoptotic bodies) and plasma membrane phosphatidylserine (PS) transition. Recently, it has been dem onstrated that the effectors of apoptosis are represented by a family of intracellular cysteine proteases known as caspases (6) . A large body of genetic and biochemical evidence supports a cascade model for effector caspase activation (7) . Death receptors can activate caspase cascades, causing an apoptotic demise of the cell within hours (8) . In this situation. exemplified by the Fas and Fas ligand-induced death pathway, caspase inhibitors can prevent the cell death (9) . However, in responses generated through other pro apoptotic stimuli, caspase inhibitors do not always protect against cell death ( 1 0-15). Some pro-apoptotic stimuli are reported to induce mitochondrial alterations, including col lapse of the mitochondrial inner transmembrane potential (A'\jlm), generation of reactive oxygen species (ROS) and release of cytochrome c, prior to activation of caspases ( 16) . This mitochondrial dysfunction is also thought to cause another type of cell death, necrosis.
Because of its very long time course, the mechanism of cell death induced by signal transduction from the BCR may be different from other mechanisms of apoptosis such as the Fas-mediated reaction and anti-tumor drug-induced cell death. To date, it is not certain whether cell death triggered by BCR cross-linking requires mitochondrial alterations and caspase activation. In order to clarify the molecular mechan ism of BCR-mediated cell death, a mouse B cell lymphoma cell line. WEHI-231, was utilized in the present study. The WEHI-231 cell has been used as a model for immature B cells that readily undergo apoptosis upon cross-linking of the BCR (17, 18) and for study of the mechanism of clonal selection of B cells. The present work reveals that caspases are activated through BCR signaling to cause apoptosis, but that mitochondrial alterations and plasma membrane dysfunction, which are also induced by BCR signaling, are unrelated to the caspase activities. Mitochondrial dysfunction appeared to occur prior to the plasma membrane and nuclear changes.
These data indicate that BCR-mediated death signals primar ily cause mitochondrial changes followed by necrotic and apoptotic cascades.
Methods

Cell culture
WEHI-231 cells (kindly provided by T. Tsubata) were cultured at 3JOC in a humidified atmosphere with 5% C02, in RP MI 1640 containing 5x 10-5M 2-mercaptoethanol, supplemented with 10% heat-inactivated FCS (Gibco/BRL. Grand Island, NY). N-benzyloxycarbonyi-Vai-Aia-Asp-fluoromethylketone (z VAD-fmk) (Kamiya Biochemical, Seattle, WA) was dissolved in OMSO and added at the onset of culture at various concentrations. As a control, the same volume of DMSO was added. Anti-lgM antibodies [F(ab'b fragment; ICN Pharma ceutlcals/Cappel. Aurora, OH] ( 10 �g/ml) were added 1 h after the addition of z-VAD-fmk. Bongkrekic acid (BA) was kindly provided by H. Terada and Y. Shinohara (Tokushima University, Japan). BA was added to the cell culture 30 h after anti-lgM stimulation to a final concentration of 50 mM, and the cells were incubated further for 1 h at 37°C and then analyzed.
Western blot analysis of poly (ADP-ribose) polymerase (PARP) cleavage
After culture, -2x 105 cells were pelleted and dissolved in SDS-PAGE sample buffer (125 mM Tris-HCI, pH 6.8, 4%
SDS, 10% glycerol, 10% 2-mercaptoethanol and 0.004% bromphenol blue). Cell lysates were subjected to 7.5% SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany). The filters were then blocked with 5% non-fat milk in TBST (10 mM Tris-HCI, pH 7.5, 150 mM NaCI and 0.05% Tween 20) for 1 h and incubated with polyclonal rabbit anti-PARP antibodies (BIOMOL, Plymouth Meeting, PA) at a dilution of 1:5000 in 5% non-fat milk TBST for 1 h at room temperature. After three washes with TBST, filters were incubated with horseradish peroxidase-conjugated goat anti-rabbit lgG (Amersham, San Clemente, CA) for 1 h. After three washes, signals were visualized with the ECL system (Amersham) according to the manufacturer's protocol.
Detection of nuclear change
To assess the percentage of cells undergoing DNA fragmenta tion, DNA content per cell was determined (19) . After culture, The samples were electrophoresed on 2% agarose gels, which were stained with 0.5 mg/ml ethidium bromide (Sigma.
St Louis, MO) for 30 min.
For detection of nuclear fragmentation, acridine orange (Sigma) and ethidium bromide were added to the cell suspen sion at the concentration of 4 �g/ml each. The samples were examined by fluorescence microscopy. 
Plasma membrane PS transition
A\jlm and ROS measurement
After cell culture, cells were incubated for 15 min at 3JOC with 3,3' -dihexyloxacarbocynine iodide (DiOC6(3); Sigma] (40 nM) for fl'ljfm quantification and dihydroethidium (DE; Sigma) (2 mM) for determination of superoxide anion genera tion, followed by FACScan analysis.
Transfection of mouse bcl-xL
The murine bcl-xL eDNA was isolated from a murine mANA by RT-PCR amplification using primers corresponding to sequences in the bcl-xL coding region (5'-CCCTATIATAAA CATGTCTCAGAG-3') and (5'-GTAGAGTGGATGGTCAGTG- (1 min at 94°C, 1 min at 56°C, 1 min at 72°C). The amplified band was subcloned into pBiuescriptSK( +) and the authenti city of FLAG-bc/-xL was confirmed by sequencing. The insert was digested with EcoRI and subcloned into the pCXN-2 expression vector (21) (kindly provided by J. Miyazaki).
WEHI-231 cells were transfected by electroporation with the pCXN-2 containing FLAG-tagged mouse bcl-xL or pCXN-2 plasmid as a control, using a Bio-Rad Gene Pulser with a capacitance extender (250 V, 960 mF). Stable transfec tants were selected for the acquisition of neomycin resistance by growth in the presence of G418 ( 1 mg/ml). Expression of Bcl-xL was confirmed by We stern blot analysis using anti FLAG mAb M5 (Eastman Kodak, New Haven, CT). 
Z-VAD-fmk blocks membrane PS transition but not membrane permeability death
Tw enty-four hours after cross-linking of the BCR, PS transition was observed by staining with Annexin-V and was partially prevented by pretreatment with z-VAD-fmk ( Fig. 2A) . There fore. PS transition on plasma membrane is in part at least under control of caspases. In contrast. although z-VAD-fmk treatment retarded cytolysis, it was incapable of preventing disruption of plasma membrane events under the same conditions where nuclear fragmentation was completely blocked (Fig. 2B) , indicating that the membrane permeability cell death is not directly associated with caspase activity.
Z-VAD-fmk does not prevent mitochondrial membrane poten tial collapse during cell death after cross-linking of BCR Several cell-free systems have implicated mitochondna as being necessary for apoptosis (27) Superoxide anion genera tion and a fall in 6'\jlm have been noted to be early events in several models of cell death (28, 29) . A reduction in fl'ljfm was noted 24-30 h after lgM cross-linking of WEHI-231 cells (Fig. 2D and 3) . Although z-VAD-fmk failed to prevent the 6'\j!TTl loss induced by BCR cross-linking, it delayed superoxide ( Fig. 2D and 3) . Although z-VAD-fmk failed to prevent the �'I'm loss induced by BCR cross-linking, it delayed superoxide anion generation (Fig. 2F ). These findings suggest that caspase activity has an intricate relationship with reduction oxidation regulation but not with �'I'm collapse during BCR mediated cell death. WEHI-231 cells were stimulated with anti-lgM (10 j..l. g/ ml) and collected every 6 h after 18 h of culture. ll'lfm collapse, hypodiploidy and increased plasma membrane permeability were measured as described in Methods.
Mitochondrial changes occur prior to the increase in plasma membrane permeability
To elucidate the relationship of the mitochondrial change and plasma membrane integrity loss, we measured their kinetics ( Fig 3) . To confirm the relationship of mitochondrial dysfunction and plasma mem brane permeability, BA. an mhibitor of a PT pores, was used.
BA suppressed not only 6.'\Vm collapse but also the plasma membrane permeability death. Additionally, we showed that Bcl-xL could block mitochondrial dysfunction, plasma mem brane alteration and nuclear changes. These findings illustrate a critical involvement of mitochondria prior to the plasma membrane and caspase activation causing nuclear changes in cell death induced by BCR cross-linking.
Once mitochondrial dysfunction occurs in WEHI-23 1 cells, it is considered to induce commitment of the cell to die by either an apoptotic mechanism involving Apaf-1 -mediated caspase activation or through another caspase-independent necrotic process, e.g. due to collapse of electron transport.
resulting in a variety of harmful events including generation of oxygen free radicals and decreased production of ATP.
Both of those apoptotic and necrotic changes in WEHI-23 1 cells may be triggered and controlled by mitochondria during cell death after BCR cross-linking.
In conclusion, the results described in this paper suggest that mitochondrial alteration may be a rate-limiting step in the BCR-mediated death signal. After the mitochondrial altera tions, both necrotic and apoptotic cascades proceed.
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